We propose and experimentally demonstrate one novel scheme to improve the performance of the vector millimeter-wave (mm-wave) signal generated by intensity modulator based on optical carrier suppression. The phase distribution of the vector mmwave signal after one square-law photodiode detection becomes nonuniform. We optimize the phase factor at the transmitter side and make the phase distribution of the quadrature phase-shift keying signal to be symmetrical at the receiver.
Introduction
Radio-over-fiber (ROF) is one possible solution for the future fifth-generation (5G) wireless communicationin front-haul or back-haul [1] , [2] . For the future 5G wireless systems with multiple-input multiple-output (MIMO) architecture, the aggregated bandwidth of the wireless signals is expected to be more than 10 GHz [1] , which makes the system very complicated and expensive because the bandwidth and sampling rate of analog-to-digital and digital-to-analog converters (ADC/DAC) will be very high. In ROF system, we use analog signal; therefore, the bandwidth of optical and electrical devices can be reduced largelydue to the reduced bit rate [1] - [4] . To make the architecture for optical millimeter-wave (mm-wave) signal generation simpler and lower cost, optical carrier suppression (OCS) based on one Mach-Zehnder modulator (MZM) is one very good solution [5] , [6] . OCS has some advantages such as low radio-frequency (RF) frequency, low bandwidth requirements for optical and electrical components and also high receiver sensitivity [5] . People have demonstrated the optical vector mm-wave signal generation based on OCS with phase pre-coding [7] - [9] . Phase pre-coding is necessary because the phase will be doubled when the quadraturephase-shift-keying-modulated (QPSK-modulated) optical vector mm-wave signal generated by OCS in one MZM is received by one photodiode (PD) based on square-lawdetection [7] . For high-order quadrature-amplitude-modulation (QAM) modulation format with multi-amplitude, such as 8 QAM or 16 QAM, not only the phase needs to be pre-coded, but also the amplitude should be pre-coded [9] - [13] . However, due to the limited bandwidth of the DAC, the signals will suffer from filtering effect [8] . Each point of unbalanced distribution constellation will become thin and long, which leads to some points of the constellation are adhesive to each other. Furthermore, due to the limited effective number of bits (ENOB) of the DAC, the points of the constellation will becomeclose with each other when the signal-to-noise ratio (SNR) is small. One balanced scheme at the transmitter is proposed to improve the performance [8] . Here we propose another novel scheme with the optimization of the phase factor for the phase pre-coded QPSK signal. We will experimentally demonstrate that the optimal phase factor should be 1.9 for 16 Gbaud QPSK signal carried by 36 GHz mm-wave. The bit error rate (BER) of 16 Gbuad QPSK signal is improved from 2 × 10 −3 to smaller than 1 × 10
at an input optical power into the PD of −6.9 dBm, which validates the feasibility of this proposed novel and simple pre-coding technique for photonic QPSK vector signal generation.
Experimental Setup and Results
The experimental setup is shown in Fig. 1 . The output power, linewidth, and center wavelength of the external cavity laser (ECL) is 14.5 dBm, less than 100 kHz and 1551.6 nm, respectively. This laser is fully tunable in the whole C-band and the drifting frequencyin 24 hours is less than 10 MHz. The output fiber of this laser has one polarization maintaining (PM) pigtail. The continuous-wave (CW) lightwave from the ECL is injected into the MZM by PM fiber connection. This MZM has 37 GHz 3 dB bandwidth, 2.7 V peak−to−peak half-wave voltage at 1 GHz, and 5 dB insertion loss. The DC extinction ratio of this MZM is over 30 dB. For OCS generation, the DC is biased at the minimal output point of the MZM when RF signal is turned off. The driving voltage on this MZM is 5 V pp . One broadband electrical amplifier with 3 dB bandwidth of 50 GHz is used to boost the electrical signal generated from one 80 GSa/s sample rate DAC. This DAC has one 3 dB bandwidth of 20 GHz, and the measured ENOB is shown in Fig. 2 . The ENOBis higher than 5, 4, and 3 when the frequency is DC∼10 GHz, 10∼20 GHz, and 20∼30 GHz, respectively. When the RF frequency is 18 GHz, the ENOB is 4.1. We use Matlab programming to accomplishthe generation of the RF signal. The pattern length of the I or Q binary data is 2 13 . Fig. 1(a) and (b) show the constellations with phase factor of 2 and 1.8, respectively, and Fig. 1(c) shows the electrical spectrum with the phase factor of 2. The electrical SNR in both Fig. 2(a) and (b) is 25 dB. When the phase factor is 2, the phase difference between the adjacent points is π/4, while for the phase factor of 1.8, the phase difference between the adjacent points is π/3.6. The configuration for RF signal generation is shown in Fig. 1(d) . We use one digital mixer to mix the I and Q binary data with one RF signal at 18 GHz to generate vector QPSK signal. The generated pre-coded vector signal isuploaded into the DAC for electrical signal generation.The generated vector optical mm-wave signal is detected by one 50 GHz photodiode. One variable optical attenuator is used to adjust the input power into the PD for BER measurement. After optical to electrical conversion by this PD, the electrical vector mm-wave signal is boosted by one 50 GHz electrical amplifier. Then one high-speed real time oscilloscope (OSC) with 3 dB bandwidth of 45 GHz and 120 GSa/s sampling rate is used to record the data. Then we use offline to process the recorded data. The digital signal processing (DSP) procedures include frequency down-conversion to baseband, resampling to two times of the bit rate, constant amplitude recovery, frequency offset compensation, phase recovery and error decision [14] , [15] .
Because the phase is doubled after square-law detection in one PD for optical vector signal generated by one MZM based on OCS, pre-coding is necessary [7] - [9] . The phase can be described as
For frequency doubling, phase factor а should be 2 because the pre-coded phase should be half of that of the ideal QPSK signal [7] - [9] .
The optical spectrum of the 16 Gbaud pre-coded QPSK mm-wave signal after the MZM is shown in Fig. 3 . The frequency of the RF signal is 36 GHz, and the optical carrier is suppressed over 30 dB. The spectrum is asymmetrical and the higher frequency components are suppressed due to the bandwidth limitation of the DAC, which can be seen in Fig. 3 .
Because of the small ENOB and bandwidth limitation of the DAC, the points of the constellation of the generated vector signal are adhesive to each other. Fig. 4 shows the constellation of 16 Gbaud QPSK signal carried at 36 GHz with phase factor of 2. The input power into the PD is −4.7 dBm. Without DSP phase recovery or equalization at the receiver, we can see points A and B, B and C, and C and D are adhesive, but the distance between points A and D is larger. After phase equalization, the distance of all points is increased, but the phase distribution of the constellation is asymmetrical, which leads to a large error when BER is measured.
We change the phase factor from 2.2 to 1.6. The measured constellations without or with phase equalization are shown in Fig. 5 . The input power into the PD is set to be −6.9 dBm. When we set the phase factor is 1.9, the phase contribution of constellation becomes symmetrical. Too large or too small phase factor will make the phase distribution asymmetrical. The measured BER curves versus input power into the PDwith phase factor of 2, 1.9 and 1.8 are shown in Fig. 6 . The BER has an error floor at 2 × 10 −3 for the phase factor of 2. However,there is no error floor even at 1 × 10 −5 after we set the phase factor to be 1.9. Compared to phase factor of 1.8, the results with phase factor of 1.9 are better. Fig. 7 shows the measured BER versus phase factor with the fixed input power into PD of −6.9 dBm. Optimal phase factor can largely improve the BER performance. The BER can be smaller than 1 × 10 −5 when the optimal phase factor is 1.9.
Conclusions
We optimize the phase factor to be 1.9 for 16 Gbaud vector mm-wave QPSK signal carried at 36 GHz. After employing this optimized phase factor, the phase distribution of the QPSK constellation becomes symmetrical. Without optimization, the BER has an error floor at BER of 2 × 10 −3 ; however, after optimization, there is no error floor up to BER of 1 × 10 −5 . When the input power is −6.9 dBm, the BER is improved from 2 × 10 −3 to smaller than 1 × 10 −5 . This scheme is very simple, and no any additional DSP or architecture change of transmitter and receiver is needed. We believe that this scheme can be further employed for any QAM signalgeneration or any frequency multiplication larger than 2 based on one modulator (intensity modulator, phase modulator, or directly modulated laser) for performance improvement.
